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PROTECTIVE LAYERS FOR MRAM
DEVICES

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention 1s directed generally to magnetic memory
devices for storing digital information and, more
particularly, to methods and structures for forming electrical
contacts to the devices.

2. Description of the Related Art

The digital memory most commonly used 1n computers
and computer system components 1s the dynamic random
access memory (DRAM), wherein voltage stored in capaci-
tors represents digital bits of information. Electric power
must be supplied to these memories to maintain the infor-
mation because, without frequent refresh cycles, the stored
charge 1n the capacitors dissipates, and the information is
lost. Memories that require constant power are known as
volatile memories.

Non-volatile memories do not need refresh cycles to
preserve their stored information, so they consume less
power than volatile memories and can operate 1n an envi-
ronment where the power 1s not always on. There are many
applications where non-volatile memories are preferred or
required, such as in cell phones or 1n control systems of
automobiles.

Magnetic random access memories (MRAMS) are non-
volatile memories. Digital bits of information are stored as
alternative directions of magnetization 1n a magnetic storage
clement or cell. The storage elements may be simple, thin
ferromagnetic films or more complex layered magnetic
thin-film structures, such as tunneling magnetoresistance
(TMR) or giant magnetoresistance (GMR) elements.

Memory array structures are formed generally of a first set
of parallel conductive lines covered by an insulating layer,
over which lies a second set of parallel conductive lines,
perpendicular to the first lines. Either of these sets of
conductive lines can be the bit lines and the other the word
lines. In the simplest configuration, the magnetic storage
cells are sandwiched between the bit lines and the word lines
at their intersections. More complicated structures with
transistor or diode latching can also be used. When current
flows through a bit line or a word line, 1t generates a
magnetic field around the line. The arrays are designed so
that each conductive line supplies only part of the field
needed to reverse the magnetization of the storage cells. In
one arrangement, switching occurs only at those intersec-
tions where both word and bit lines are carrying current.
Neither line by 1itself can switch a bit; only those cells
addressed by both bit and word lines can be switched.

The magnetic memory array of FIG. 1 1illustrates, 1n a
basic way, the three functional layers of a TMR device. TMR
devices 10 work by electron tunneling from one magnetic
layer to another through a thin barrier layer 12. The tunnel-
ing probability 1s greatest when the magnetic layers 14, 16,
on either side of the barrier layer 12, have parallel magne-
fizations and least when the magnetizations are anti-parallel.
In order for the devices to function properly, these layers
must be electrically i1solated from one another. Any short
circuiting of the layers bypasses the data storage of the
device.

Copper conductors for MRAM arrays are currently pre-
ferred 1n order to reduce the likelihood of problems with
electromigration caused by the high current density carried
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by the bit and word lines. Copper conducting lines are
usually made using a damascene process. In FIG. 1, the
copper conducting line 18, 1n contact with the bottom of the
TMR devices 10, 1s shown 1n the plane of the paper. To make
conducting lines over the devices, first a thick insulating
layer 1s deposited over the MRAM array. Trenches are
ctched 1nto the insulating layer to expose the top surfaces of
the TMR devices 10. Copper 1s deposited to fill the trenches
and make electrical contact to the TMR devices 10. Top
electrodes (not shown in FIG. 1) over the TMR devices 10

are preferably also formed by damascene processing.

Although trenches are usually etched anisotropically
through a patterned mask, overetching can occur both 1 the
width of the trench and 1n the depth of the etch. If the etch
1s too deep, gaps develop along the sidewalls of the memory
devices. Subsequent copper deposition {ills the gaps and can
short the memory devices. A more robust method of forming
conducting lines over magnetic memory devices 1s needed.

SUMMARY OF THE INVENTION

A method of forming a magnetic random access memory
(MRAM) 1s provided. A plurality of individual magnetic
memory devices with cap layers are defined on a substrate.
A continuous first insulator layer i1s provided over the
substrate and the magnetic memory devices. Portions of the
first insulator layer are removed at least over the magnetic
memory devices and then the cap layers are selectively
removed, thus exposing active top surfaces of the magnetic
memory devices. Top conductors are formed 1n contact with
the active top surfaces of the magnetic memory devices.

In accordance with another aspect of the invention, a
method for forming a magnetoresistive memory on a semi-
conductor substrate having an underlying integrated circuit
component 1s provided. A plurality of protrusions compris-
Ing magnetoresistive memory layers with a capping layer as
an uppermost layer 1s formed. A conformal layer of spacer
material 1s deposited over the protrusions and a spacer etch
1s performed, thereby forming spacers along side surfaces of
the protrusions. A layer of insulating material 1s formed over
the protrusions, the spacers and the substrate. The insulating
material 1s removed at least over the protrusions, the capping
layer 1s selectively etched away and a metallization process
1s performed to make contact to the magnetoresistive
memory layers.

In another aspect of the mvention, a magnetic memory
structure 1s provided. The structure comprises a plurality of
magnetic memory stacks, each stack 1n a stud configuration.
There 1s a first mnsulator layer around the magnetic memory
stacks, and the top surfaces of the magnetic memory stacks
are recessed below the top surface of the first insulator layer.
There 1s a metal conductor 1n contact with the top surface of
the magnetic memory stacks.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross section drawing of a portion of an array
of TMR magnetic memory devices having stud
conflgurations, 1 accordance with the prior art.

FIG. 2 1s a cross-section drawing of blanket layers of a
magnetic memory stack and a cap material, constructed 1n
accordance with the preferred embodiments of the present
invention.

FIG. 3 1s a cross-section drawing of an individual mag-

netic memory device with a cap layer 1n a stud configuration
as etched from the blanket layers of FIG. 2.

FIG. 4 1s a cross-section drawing of the memory device of
FIG. 3 surrounded by a first insulator layer.
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FIG. 5 1s a cross-section drawing of the memory device of
FIG. 4 with the cap removed and a top conductor, made by
a standard metallization process, 1in contact with the device,
in accordance with one arrangement.

FIG. 6A 15 a cross-section drawing of the memory device
of FIG. 4 after a second insulator layer has been deposited
and a trench has been etched into the second 1nsulator layer,
in accordance with another arrangement.

FIG. 6B 1s a cross-section drawing of the memory device
of FIG. 6A after the cap has been removed and a top
conductor, in contact with the device, has been made by a
dual damascene process.

FIG. 7A 1s a cross-section drawing of an alternative
embodiment for a dual damascene process wherein an etch
stop layer has been deposited between the first insulator
layer and the second insulator layer.

FIG. 7B 1s a cross-section drawing of the alternative
embodiment of FIG. 7A after the etch stop layer has been
removed from the bottom of the trench in the second
insulator layer, the cap has been removed, and the top
conductor has been formed.

FIG. 8 1s a cross-section drawing of the memory device of
FIG. 3, over which a layer of spacer material has been
deposited, 1n accordance with another embodiment.

FIG. 9 1s a cross-section drawing of the memory device of
FIG. 8 after a spacer etch.

FIG. 10 1s a cross-section drawing of the memory device
of FIG. 9 surrounded by the first insulator layer.

FIG. 11 1s a cross-section drawing of the memory device
of FIG. 10 with the cap removed and a top conductor, made
by a standard metallization process, 1in contact with the
device.

FIG. 12 1s a cross-section drawing of the memory device
of FIG. 10 with the cap removed and a top conductor, made
by a dual damascene process, i contact with the device
according to a preferred embodiment.

FIG. 13 1s a cross-section drawing of the memory device
of FIG. 10 with the cap removed and a top conductor, made
by a dual damascene process, 1n contact with the device
according to an alternative embodiment wherein the second
insulator layer has been overetched, and metal extends part
way 1nto the first insulator layer.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The aforementioned needs are satisiied by the process of
the present invention. The preferred embodiments employ a
sacrificial cap over the active memory device. The cap 1s
more casily etched than the surrounding insulator material
(s), resulting in good control in etching the trench for the top
conductor with much less chance of an overetch. In another
embodiment, spacers with a low etch rate are used around
the active memory device, so that even 1f an overetch does
occur, the spacers are relatively unaffected, and the sides of
the memory device remain protected by the spacers.

These and other objects and advantages of the present
invention will become more fully apparent from the follow-
ing description taken 1n conjunction with the accompanying
drawings. Reference will be made to the drawings wherein
like numerals refer to like parts throughout.

FIG. 2 1s a starting point for the illustrated embodiments
of the current invention. The embodiments are 1llustrated for

a TMR magnetic memory cell, having a top surface and an
outside surface but the embodiments of the invention can be

applied equally well to memory cells of other types. A metal
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conducting line 18, preferably copper or aluminum, has been
formed on or in a substrate (not shown). The conducting line
18 extends to the right and to the left of the page. A first stack
14 of magnetic and associated adjacent blanket layers 1s
deposited. A thin tunneling barrier layer 12 1s deposited over
the first stack 14, and a second stack 16 of magnetic and
assoclated adjacent blanket layers 1s deposited over the
tunneling layer 12, as 1s known 1in the art of TMR magnetic
memory cell manufacture. A blanket cap layer 20 1s depos-
ited over the second TMR material stack 16. Preferably, the
cap material 20 1s selectively etchable relative to the top
portion of the second TMR stack 16. More preferably, the
cap material comprises a non-metal such as amorphous
carbon, diamond-like carbon, amorphous silicon, silicon
carbide, deposited by the BLOK™ (AMAT) process or a
silicon-rich oxynitride, such as DARC (dielectric anti-
reflective coating).

FIG. 3 shows one TMR memory cell stud 10 with the
capping layer 20 after the blanket layers of FIG. 2 have been
patterned and etched into an array of memory cells. Pattern-
ing and etching can be done by depositing a mask layer over
the cap layer, then patterning the mask layer and etching the
cap layer and the magnetic memory layers through exposed
regions 1n the mask. A silicon oxide hard mask material 1s
onc material suitable for the mask layer.

In FIG. 4, a continuous first insulator or interlevel dielec-
tric (ILD1) layer 22 has been deposited and planarized,
preferably using chemical-mechanical planarization (CMP),
to expose the top of the capping layer 20. Although CMP 1s
preferred, other methods, such as etching, can be used to
remove [L.D1 22 from over the cap 20. In one embodiment,
IL.D1 22 comprises silicon oxide, formed by decomposition
of TEOS (tetracthylorthosilicate). In another embodiment,
ILD1 22 is silicon nitride. One of the advantages of the
illustrated embodiment 1s apparent at this step. Generally,
the top portion of the top magnetic stack 16 comprises metal,
such as tantalum. It 1s difficult to stop the CMP process at the
exact top of the memory cell 10. If the top portion of the
memory cell 10, the thin metal layer, 1s damaged or
removed, 1t may be difficult to make good electrical contact
to the cell. If too much metal 1s removed, 1t would interfere
with overall operation of the cell. Furthermore, some metals
tend to smear during CMP, which results in broader appli-
cation of metal than desired. The capping layer 20 can
undergo CMP without the 11l effects described above. The
cap 1s not an active, functional part of the memory cell. Even
if some of the cap 20 1s removed during CMP, the underlying
cell 10 remains mtact. The materials preferred for the cap 20,
as discussed above, do not have a tendency to smear during
CMP. Thus the cap material remains localized over the
memory cell 10.

An embodiment that involves a standard metallization 1s
shown 1n FIG. 5. The cap 20 has been removed. Preferably
the cap 20 1s removed by an etch process that 1s preferential
for the cap material over the ILD1 22. A preferential etch 1s
performed to remove the cap 20. If the cap 20 comprises
amorphous or diamond-like carbon, 1t 1s preferable to
remove 1t using an oxygen plasma. If the cap 20 comprises
amorphous silicon, 1t 1s preferable to remove it using CI,
HBr, HI or NF; plasma. If the cap 20 comprises silicon
carbide or a silicon-rich oxynitride, 1t 1s preferable to remove
it using a halide chemistry having no carbon, such as Cl, or
NF,. If the cap 20 comprises DARC (dielectric anti-
reflective coating comprising a silicon-rich silicon
oxynitride), it is preferable to remove it using NF,/Cl,,
which has a 2:1 etch rate for DARC vs. silicon oxide from
TEOS. These and other materials and chemicals aspects of
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the illustrated embodiments are summarized in Table 1. For
the purposes of the present disclosure, we define a material
to be etched preferentially when the etch rate for that
material 1s at least about 2 times greater, preferably 5 times
orecater and more preferably 10 times greater than for sur-
rounding materials.

A metal layer, preferably comprising aluminum, i1s
deposited, patterned and etched. The metal 24 fills the region
formerly occupied by the cap 20. The portion of the pat-
terned metal 24 above the top surface of the ILD1 22
comprises a top conductor line running mnto the page of FIG.
5, making electrical connections along a row of cells 10. A
second insulating layer (not shown) can be deposited over
conducting lines 24, and processing can continue.

The structure of the embodiment illustrated in FIG. 5
comprises a multi-layer magnetic memory cell 10, prefer-
ably a TMR memory cell, in contact at its bottom surface
with a conducting line 18, preferably comprising aluminum
or copper. The thickness of the conducting line 18 1s between
about 100 nm and 350 nm. The thickness of the multi-layer
magnetic memory cell 10 1s between about 20 nm and 50
nm. The width of the cell 1s between about 150 nm and 500
nm. The cell 1s surrounded on its sides by an insulating layer
22, preferably silicon oxide or silicon nitride. The msulating,
layer 22 1s taller than the memory cell 10, having a thickness
of between about 50 nm and 100 nm. The top surface of the
memory cell 10 1s recessed from the top surface of the
insulating layer 22 by between about 20 nm and 50 nm. The
corners of the insulating layer 22 at the top of the recess are
slightly rounded from the cap etch process. Metal 24,
preferably comprising aluminum, fills the recess between
the memory cell 10 and the top of the insulating layer 22,
making electrical connection to the memory cell 10, and
forms a line extending over the top surface of the msulating
layer 22 between about 10 nm and 50 nm on either side of
the recess and connecting a row of memory cells 10. The
cross section of the metal line 24 over the memory cell 10
has a T-shape. The top portion of the T-shape 24 1s wider
than the memory cell 10. Advantageously, the extra width 1n
the metal line 24 creates a magnetic field that 1s more
ciiective 1 writing to the bit 10 than the field from a thinner
metal line, but the selectively etchable cap reduces the rish
of shorting despite the electrode width.

Another embodiment of the current invention involves
metallization using a dual damascene process, which 1is
described with reference to FIGS. 6A and 6B. ILD1 22 is
deposited and planarized as described above for FIG. 4. In
FIG. 6A, the cap 20 1s still in place. A second blanket
msulating layer, ILD2 26, 1s deposited over ILD1 22. A
trench 28 is etched into ILD2 26, down to the top surface of
the cap 20 and to the top surface of ILD1 22, and along a row
of memory cells 10 1nto the page. Preferably, the trench 28
1s wider than the cap 20, as shown 1n FIG. 6A.

As shown 1n FIG. 6B, a layer of metal, preferably copper,
has been deposited to {ill the opening over the memory cell
10 left by the cap 20 removal and to fill the trench 28
connecting a row of memory cells 10. Alternatively, the
trench 28 may be lined with barrier and/or seed layers before
being filled with metal. The top surface of ILD2 26 1s
planarized to remove excess metal and to leave a flat surface
for further processing steps. The resulting top conducting
line 30 has a T-shaped cross section over the memory cells
10, which, as discussed above, results 1n a more effective
magnetic field at the bat.

The structure illustrated 1n FIG. 6B comprises a multi-
layer magnetic memory cell 10, preferably a TMR memory
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cell, m contact at its bottom surface with a conducting line
18, preferably comprising copper or aluminum. The thick-
ness of the conducting line 18 1s between about 100 nm and
350 nm. The thickness of the multi-layer magnetic memory
cell 10 1s between about 20 nm and 50 nm. The width of the
cell 1s between about 150 nm and 500 nm. The cell 1s
surrounded on its sides by an insulating layer 22, preferably
silicon oxide or silicon nitride. The 1nsulating layer 22 1is
taller than the memory cell 10, having a thickness of
between about 50 nm and 100 nm. The top surface of the
memory cell 10 1s recessed from the top surface of the
insulation by between about 20 nm and 50 nm. The corners
of the msulating layer 22 at the top of the recess are slightly
rounded. A second insulating layer 26, preferably compris-
ing silicon oxide or silicon nitride, and having a thickness
between about 100 nm and 300 nm overlies the first 1nsu-
lating layer 22. There 1s a trench 1n the second insulating
layer directly over, and preferably having a width greater
than, the magnetic memory cell 10. The width of the trench
1s between about 50 nm and 1500 nm. The trench 1n the
second 1nsulating layer 26 and the recess between the
magnetic memory cell 10 and the top of the first mnsulating
layer 22 are filled continuously by a conducting material 30,
preferably copper. Alternatively, the trench 28 may be lined
with barrier and/or seed layers before being {filled with
metal. The cross section of the conducting line 30 has a
T-shape 1n the region over the magnetic memory cell 10. The
top surtace of the conducting line 30 1s coplanar with the top
surface of the second insulating layer 26.

In an alternative dual damascene process, as shown 1n
FIG. 7A, an etch stop layer 32 1s formed on the top surface
of ILD1 22 and the cap 20 before deposition of ILD2 26.
Preferably, the etch stop layer 32 comprises a material that
can be etched more slowly than ILD2 26, such as silicon
carbide or some silicon nitrides. Of course, the etch rate
depends both on the material and the etchant. The etch stop
layer 32 can, 1n some arrangements, comprise the same
material as the cap 20. After deposition of ILD2 26, a trench
28 1s etched into ILD2 26 down to the etch stop layer 32
along a row of memory cells 10. As shown 1n FIG. 7B, an
additional etch has been performed to remove preferentially
the etch stop layer 32. Another etch 1s performed to remove
preferentially the cap 20. Of course, if the etch stop layer 32
and the cap 20 comprise the same material, they may both
be removed 1n the same etch step. Finally a layer of metal
30, preferably copper, 1s deposited to fill the opening over
the memory cell 10 left by the cap 20 removal and to fill the
trench 28 connecting a row of memory cells 10.
Alternatively, the opening left by the cap 20 removal and the
trench 28 may be lined with barrier and/or seed layers before
being filled with metal. The top surface of ILD2 26 1s
planarized to remove excess metal and to leave a flat surface
for further processing steps.

The embodiment illustrated in FIG. 7B 1s the same as the
embodiment of FIG. 6B with one modification. An etch stop
layer 32, preferably silicon carbide or silicon nitride, having
a thickness between about 10 nm and 300 nm, lies between
the bottom surface of the second 1nsulating layer 26 and the
top surface of the first insulating layer 22. The etch stop
layer 32 does not extend 1nto the trench region that has been
cut 1nto the second insulating layer 26, but 1s confined to the
region under the second insulating layer 26 only.

In another embodiment of the invention, a spacer is
provided around the magnetic memory cell. This process
and structure can be understood with reference to FIGS.
8—13. FIG. 8 shows the memory cell 10 with cap 20 of FIG.

3 after a layer of spacer material 34 has been deposited
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conformally over an array of memory cells. Preferably, the
spacer material 34 etches more slowly than both the cap
material and ILD1. Of course, the etch rate depends on both
the material and the etchant. More preferably, the spacer
material also etches faster than the ILD1 22 (FIG. 10) to be
deposited. For example, the spacer material can comprise
silicon carbide or silicon nitride.

FIG. 9 shows the memory cell 10 with cap 20 after an
anisotropic spacer etch has been performed. Horizontal
portions of spacer material layer 34 have been removed.
Vertical portions of layer 34 remain to form a spacer 36
around the memory cell 10 and cap 20. FIG. 9 1s a cross
section drawing from approximately the center of the
memory cell 10 and shows the spacer 36 only along two
sides of the memory cell 10 and cap 20. Actually, the spacer
36 forms a continuous covering all the way around the sides
of the memory cell 10 and cap 20.

In FIG. 10, a first insulator layer or ILD1 22 has been
deposited and planarized, much as was described for FIG. 4
above. Preferably the ILD1 22 etches slower than the spacer
36. Preferably the ILD1 22 comprises a soft, reflowable
oxide, such as an oxide deposited from TEOS
(tetracthylorthosilicate). There is no danger of smearing a
metal surface of the top portion 16 of the memory cell 10 or
of damaging the memory cell 10 during CMP of ILD1 22 to
expose the cap 20, and the memory cell 10 1s protected by
the cap 20.

FIG. 11 shows the memory cell 10 with spacer 36 after a
standard metallization process. The cap 20 has been
removed by a preferential etch. The cap 20 1s removed
completely by the etch process, and small amounts of the top
surfaces of the spacer 36 and ILD1 22 near the cap 20 have
also been removed by the etch. Even thought the etch 1s
preferential for removing the cap 20, 1t has some effective-
ness 1n etching the surrounding materials, such as the spacer
36 and ILD1 22. Preferably the spacer 36 etches faster than
the ILD1 22. A metal layer, preferably aluminum, has been
deposited to {ill the recess left after the etch process. The
metal layer has been patterned and etched to leave metal
lines 30 perpendicular to the plane of the page, 1n electrical
contact with the memory cell 10 and acting as a top
conductor above ILLD1 22, connecting a row of memory cells
10. Again, the electrode 30 1s wider than the memory cell 10,
which 1s better for flipping the bit 10. Selective processing,
facilitates a wider electrode without shorting out the
memory cell from mask misalignment. A second insulating
layer (not shown) can be deposited over the metal lines 30.

The structure of the embodiment illustrated in FIG. 11
comprises a multi-layer magnetic memory cell 10, prefer-
ably a TMR memory cell, in contact at its bottom surface
with a conducting line 18, preferably comprising aluminum
or copper. The thickness of the conducting line 18 1s between
about 100 nm and 350 nm. The thickness of the multi-layer
magnetic memory cell 10 1s between about 20 nm and 50
nm. The width of the cell 1s between about 150 nm and 500
nm. The cell 1s surrounded on its sides by an insulating layer
22, preferably silicon oxide or silicon nitride. The 1nsulating
layer 22 1s taller than the memory cell 10, having a thickness
of between about 50 nm and 100 nm. The top surface of the
memory cell 10 1s recessed from the top surface of the
insulation by between about 20 nm and 50 nm. The corners
of the msulating layer 22 at the top of the recess are slightly
rounded. Between the memory cell 10 and the surrounding
insulating layer 22, there 1s a spacer 36, preferably com-
prising silicon carbide or silicon nitride. The spacer 36 has
a height that 1s between the height of the memory cell 10 and
the height of the insulating layer 22. The spacer 36 1is
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thickest at the bottom, adjacent to the conducting line 18,
and becomes more narrow as 1t reaches its fall height. At the
thickest part, the spacer 36 has a thickness between about 10
nm and 40 nm. A metal line 24, preferably comprising
aluminum, fills the recess between the memory cell 10 and
the top of the nsulating layer 22, making electrical connec-
tion to the memory cell 10 and contacting the 1nside and top
surfaces of the spacer 36 along the edges of the recess.
Alternatively, the recess may be lined with barrier and seed
layers betfore being filled with metal. The metal extends over
the top surface of the msulating layer 22 between about 10
nm and 50 nm on either side of the recess, thus providing a
magnetic field that 1s better for flipping the bit 10.

Metallization by a dual damascene process 1s shown 1n
FIG. 12. After spacer 36 formation, ILD1 22 deposition and
planarization as shown 1n FIG. 10, a second 1nsulating layer,
IL.LD2 26 1s formed. A trench 1s etched into ILD2 26 down to
the surface of ILD1 22 and the cap 20. The cap 20 is
removed by a preferential etch, which also removes some
small portion of the top surface of the spacer 36 and ILD1
22 near the cap 20. The etch rate 1s preferably fastest for the
cap 20, slower for the spacer 36 and slowest for ILD1 22.

The structure of the embodiment illustrated in FIG. 12
comprises a multi-layer magnetic memory cell 10, prefer-
ably a TMR memory cell, in contact at its bottom surface
with a conducting line 18, preferably comprising copper or
aluminum. The thickness of the conducting line 18 1s
between about 100 nm and 350 nm. The thickness of the
multi-layer magnetic memory cell 10 1s between about 20
nm and 50 nm. The width of the cell 10 1s between about 150
nm and 500 nm. The cell 10 1s surrounded on its sides by an
insulating layer 22, preferably silicon oxide or silicon
nitride. The 1nsulating layer 22 1s taller than the memory cell
10, having a thickness of between about 500 nm and 1000
nm. The top surface of the memory cell 10 1s recessed from
the top surface of the insulation by between about 20 nm and
50 nm. The corners of the insulating layer 22 at the top of
the recess are slightly rounded. Between the memory cell 10
and the surrounding insulating layer 22, there 1s a spacer 36,
preferably comprising silicon carbide or silicon nitride. The
spacer 36 has a height that 1s between the height of the
memory cell 10 and the height of the insulating layer 22. The
spacer 36 1s thickest at the bottom, adjacent to the conduct-
ing line 18, and becomes more narrow as 1t reaches 1ts full
height. At the thickest part, the spacer 36 has a thickness
between about 10 nm and 40 nm. A second insulating layer
26, preferably comprising silicon oxide or silicon nitride,
and having a thickness between about 100 nm and 300 nm
overlies the first insulating layer 22. There 1s a trench in the
second 1nsulating layer directly over the memory cell 10,
preferably having a width greater than the combined width
of the magnetic memory cell 10 and the spacer 36. The width
of the trench 1s between about 300 nm and 1000 nm. The
trench 1n the second insulating layer 26 and the recess
between the magnetic memory cell 10 and the top of the first
insulating layer 22 are filled continuously by a conducting
material 30, preferably copper. Alternatively, the trench and
the recess may be lined with barrier and seed layers before
being filled with metal.

In another arrangement (not shown), an etch stop layer
can be formed over ILD1 22 before deposition of ILD2 26

in the structure of FIG. 12 as was shown for the non-spacer
embodiment 1n FIGS. 7A-7B.

Another embodiment of the current invention 1s shown 1n

FIG. 13, wherein the materials used in the structure and/or
the etchants used are different than for FIG. 12 and therefore
result in a different structure. The etchant used to form a
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trench 1n ILD2 26 also etches ILD1 22 faster than it etches
the spacer 36. The etch rate 1s fastest for the cap layer 20,
slower for ILD1 22 and slowest for the spacer 36. The etched
region extends into ILD1 22 along the outside surfaces of the
spacer 36 due to the width of the overlying trench. The
spacer 36 material 1s more resistant to the etchant than is
ILD1 22. When the metal layer 1s deposited, 1t fills the
overetched regions 1n addition to the recess left after the cap
1s removed and the trench etched into ILD2 26. Of course,
the trench, the recess and the overetched regions may all be
lined with barrier and/or seed layers before the metal is
deposited. Even with the illustrated overetch, the memory
device 10 i1s neither damaged nor shorted out, as 1t 1is
insulated and protected by the spacer 36 that surrounds it.

Table I summarizes various possible combinations of
materials and chemistries 1n accordance with the illustrated
embodiments.

TABLE 1

Embodiment la 1b 2a 2b 3
cap 20 amorphous C amorphous Si SiC (BLOK ™ -

diamond-like C AMAT)
[LD1 22 TEOS S1-N TEOS SI-N TEOS
[L.D2 26 TEOS S1-N TEOS S1-N TEOS
etch stop 32 SIC or Si-N S1C Si1C or Si-N Si1C S1C of Si-N
optional
spacer 36 SIC or Si-N S1C S1C* Si-N S1C S1-N
etchant to oxygen plasma Cl, HBr, HI, NF, Cl,/NF,
selectively (halide) plasmas no carbon

remove cap 20

For embodiment 1a, the cap 20 comprises amorphous
carbon or diamond-like carbon. ILD1 22 and ILD2 26
comprise silicon oxide formed from TEOS. The cap 20 can
be etched selectively using an oxygen plasma. For embodi-
ment 1b, the cap 20 comprises amorphous carbon or
diamond-like carbon. ILD1 22 and ILD2 26 comprise sili-
con nitride. The cap 20 can be etched selectively using an
oxygen plasma. For embodiment 2a, the cap 20 comprises
amorphous silicon. ILD1 22 and ILD2 26 comprise silicon
oxide formed from TEOS. The cap 20 can be etched
selectively using a halide plasma. For embodiment 2b, the
cap 20 comprises amorphous silicon. ILD1 22 and ILD2 26
comprise silicon nitride. The cap 20 can be etched selec-
tively using a halide plasma. For embodiment 3, the cap 20
comprises silicon carbide. ILD1 22 and ILD2 26 comprise
silicon oxide formed from TEOS. The cap 20 can be etched
selectively using Cl, or NF;. For embodiment 4, the cap 20
comprises DARC. ILD1 22 and ILD2 26 comprise silicon
oxide formed from TEOS. The cap 20 can be etched
selectively using at least one of NF, and Cl,. Optional etch
stop 32 materials and spacer 36 materials are also listed 1n
Table I for each embodiment.

It should be understood that preferential etching depends
on both the materials and the etchants. Thus, materials and
ctchants must be carefully chosen to produce the desired
relative etching removal rates. The etchants for each
embodiment in Table I have been chosen because they
preferentially remove the associated cap 20 material relative
to the associated msulating layers ILD1 22 and ILD2 26. For
the purposes of the present disclosure, we define a material
to be etched preferentially when the etch rate for that
material 1s at least about 2 times greater, preferably 5 times
orecater and more preferably 10 times greater than for sur-

rounding materials.

Although the foregoing description of the preferred
embodiments of the present mmvention has shown, described
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and pointed out the fundamental novel features of the
mvention, 1t will be understood that wvarious omissions,
substitutions and changes 1n the form of the detail of the
structures as 1illustrated as well as the uses therecof may-be
made by those skilled 1n the art, without departing from the
spirit of the present invention. Consequently, the scope of
the present invention should not be limited to the foregoing
discussion, but should be defined by the appended claims.

We claim:

1. A method of forming a magnetic random access
MEemory Comprising:

providing a stack of magnetic memory layers on a sub-

strate;

depositing a cap layer over the magnetic memory layers;

removing regions of the cap layer and the magnetic
memory layers, thereby defining a plurality of indi-
vidual magnetic memory devices with cap layers;

4

DARC (Si-rich
oxynitride)
TEOS
TEOS
S1C or Si-N

NF,/ Cl,

depositing a spacer material layer over the magnetic
memory devices and the substrate after defining the
plurality of individual magnetic memory devices and
then performing a spacer etch;

providing a continuous {irst mnsulator layer over the sub-
strate and the magnetic memory devices;

removing portions of the first insulator layer at least over
the magnetic memory devices;

selectively removing the cap layer from the magnetic
memory devices, thus exposing active top surfaces of
the magnetic memory devices; and

forming top conductors in contact with the active top

surfaces of the magnetic memory devices.

2. The method of claim 1 wherein performing the spacer
etch comprises preferentially etching the horizontal portions
of the spacer material layer and etching the spacer material
layer faster than the first insulator layer.

3. The method of claim 1 wherein the spacer material 1s
selected from the group consisting of silicon carbide and
silicon nitride.

4. The method of claim 1 wherein the cap material 1s
carbon.

5. The method of claim 1 wherein selectively removing,
the cap layer comprises etching that removes the cap layer
faster than the first insulator layer and removes the first
insulator layer faster than the spacer material.

6. The method of claim 1 wherein selectively removing
the cap layer comprises etching that removes the cap layer
faster than the spacer material and removes the spacer
material faster than the first insulator layer.

7. Amethod for forming a magnetoresistive memory on a
semiconductor substrate having an underlying integrated
circuit component, comprising, in sequence:

forming a plurality of protrusions comprising magnetore-
sistive memory layers with a capping layer as an
uppermost layer;
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depositing a conformal layer of spacer material over the
plurality of protrusions;

performing a spacer etch on the layer of spacer material,
thereby forming spacers along side surfaces of the
protrusions;

forming a layer of insulating material over the
protrusions, the spacers and the substrate;

removing the msulating material at least over the protru-
S101S;

selectively etching the capping layer; and

performing a metallization process to make contact to the

magnetoresistive memory layers.

8. The method of claim 7 wherein the capping layer
comprises a non-metal.

9. The method of claim 7 wherein the capping layer is
selected from the group consisting of carbon, silicon, silicon
carbide silicon-rich silicon oxynitride.

10. The method of claim 7 wherein the spacer material 1s
selected from the group consisting of silicon carbide and
silicon nitride.

11. The method of claim 7 wherein the insulating material
comprises silicon oxide formed from TEOS.

12. The method of claim 7 wherein selectively etching the
capping layer comprises using an etch process that etches
the capping layer faster than the spacers and the spacers
faster than the 1nsulating material.

13. The method of claim 7 wherein selectively etching the
capping layer comprises using an etch process that etches
the capping layer faster than the insulating layer and the
insulating layer faster than the spacers.

14. A method of forming a magnetic memory cell, com-
prising:

forming a stack of magnetic memory layers with a stud

structure and having a topmost layer comprising a
sacrificial cap;

providing a continuous first imsulator layer over and
around the stud structure;

removing the first insulator layer at least over the stud
structure, thereby exposing the sacrificial cap, wherein
removing the insulator layer at least over the stud
structure comprises chemical mechanical planarization
of the msulator layer to expose the sacrificial cap;

removing the exposed sacrificial cap using a selective
ctch, where the selective etch preferentially removes
material from the sacrificial cap at a faster rate than
material from the first insulator layer, where the selec-
tive etch 1s applied to the sacrificial cap and to at least
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an exposed portion of the first mnsulator layer so that
corners of a recess 1n the first msulator layer that 1s
defined by the removed sacrificial cap are rounded; and

supplying an electrical connection to the magnetic

memory layers.

15. The method of claim 14 wherein supplying an elec-
trical connection comprises depositing a blanket metal layer
and patterning and etching the metal layer to form conduc-
tive lines after removing the sacrificial cap.

16. The method of claim 14 wherein removing the first
insulator layer at least over the stud structure comprises
ctching openings 1n the first insulator layer using an etch
method that selectively does not etch the sacrificial cap.

17. The method of claim 16 wherein supplying an elec-
trical connection comprises {illing the openings with metal
after removing the sacrificial cap.

18. The method of claim 14 further comprising providing
spacers around the stud structures before providing the first
insulator layer.

19. A method of forming a tunneling magnetoresistive
(I'MR) memory cell, comprising:

forming a TMR structure with a cap layer at a top surface,

the TMR structure with the cap layer protruding as a
stud from a substrate;

depositing a first dielectric layer over and around the stud;

planarizing a top surface of the first dielectric layer and
the stud;

depositing a second dielectric layer over the first dielectric
layer and the stud;

ctching a trench entirely through the second dielectric
layer to the cap layer with a first etch;

removing the cap layer with a second etch, where the
second etch preferentially removes material from the
cap layer at a faster rate than material from the second
dielectric layer or material from the first dielectric
layer; and

depositing metal to fill the trench and an opening left after

removing the cap layer.

20. The method of claim 14 wheremn supplying the
clectrical connection comprises {illing the openings with
metal slier removing the sacrificial cap such that a cross
section of the metal 1s T-shaped.

21. The method of claim 19 wherein depositing metal to
f1ll the trench and the opening left after removing the cap
layer further comprises depositing metal such that a cross
section of the metal 1s T-shaped.
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